Magnetic properties arising at interfaces of perovskite oxides such as La 0.7 Sr 0.3 CoO 3 (LSCO) and La 0.7 Sr 0.3 MnO 3 (LSMO) depend sensitively on the fine details of their structural properties. In this work, we use high-resolution transmission electron microscopy and spectroscopy to examine the structural and electronic phenomena at the interfaces in two LSCO/LSMO bilayers with reversed growth order. Two different strain mechanisms are at work in these films: compressive or tensile epitaxial strain, and distortion of the octahedral tilt pattern to maintain a network of corner-sharing octahedra. While the epitaxial strain is constant regardless of the growth order, the modification of the octahedral tilt pattern depends on whether the film is grown directly on the substrate or as the second sublayer. As a consequence, exchange spring behavior is observed only when the LSCO sublayer is grown first. The different mechanisms of strain accommodation within the oxygen octahedra network in each material proved to be of critical importance in determining the interfacial structure and thus magnetic and electronic properties of the bilayers.
I. INTRODUCTION
Transition metal ABO 3 perovskites continue to be the subject of research not only due to the wide range of magnetic, electronic, and ferroelectric properties they possess but also because these properties can be tuned through manipulation of multiple lattice, spin, orbital, and charge degrees of freedom. [1] [2] [3] [4] The structure has a wide compositional flexibility for various dopants on the A or B sites as well as the oxygen stoichiometry. This flexibility combined with the ability to precisely control thin film growth allows for the rational design of new artificial composite materials with emergent functional properties at interfaces, which are markedly different from those of their bulk counterparts. [1] [2] [3] [4] [5] [6] Interfacial interactions include epitaxial strain, charge transfer, or magnetic exchange interactions, and they have the potential for use in a wide range of applications. An important phenomenon in areas such as data storage, magnetic memory, and high performance permanent magnets is exchange bias, which involves interfacial exchange coupling between ferromagnetic/antiferromagnetic (FM/AFM) and hard FM/soft FM materials. [7] [8] [9] At these interfaces, the AFM or hard FM layer will pin the direction of the magnetization of the soft FM layer. This pinning results in a hysteresis loop that is shifted antiparallel to the original biasing field. In FM/FM coupling, the combination of a hard FM material with high coercivity and a soft FM material with high saturation magnetization results in permanent magnets in which the maximum energy product, (BH) max , is optimized. [9] [10] [11] The majority of studies into exchange-spring behavior have been focused on metallic systems; however, the perovskites present versatile alternatives to controlling interfacial magnetic behavior.
Previous work on bilayers of magnetically hard FM La 0.7 Sr 0.3 CoO 3 (LSCO) and magnetically soft FM La 0.7 Sr 0.3 MnO 3 (LSMO) observed exchange spring behavior when the LSCO layer was grown directly on the (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (LSAT) substrate and its thickness was above a critical thickness of ∼5 nm. 12, 13 A horizontal shift of the biased hysteresis loops demonstrated that the hard LSCO layer pinned the moments of the soft FM layer. Soft x-ray magnetic spectroscopy showed that this soft FM layer was composed of the LSMO layer as well as an interfacial LSCO sublayer with magnetically active Co 2+ ions. This magnetic coupling was attributed to charge transfer across the LSCO/LSMO interface, resulting in a higher Mn 4 + /Mn 3+ ratio in the LSMO layer in the vicinity of the interface. However, when the bilayer stacking order was reversed so that the LSMO layer was in direct contact with the LSAT substrate, the exchange spring behavior was not observed.
14 As the misfit strain in the two bilayers remains the same, these results suggest that an additional mechanism dictates the interfacial magnetic and electronic properties, thus motivating the examination of the structural and electronic character of the bilayers with atomic scale resolution using scanning transmission electron microscopy (STEM) and spectroscopy.
Ferromagnetic and electrical properties in LSMO and LSCO develop through the double exchange mechanism 15, 16 involving B-O-B chains between corner-sharing BO 6 octahedra. This double exchange mechanism also results in coincident FM/paramagnetic and metal/insulator transitions at the Curie temperature. These interactions are sensitive to both the B-O-B bond angle and bond length, and thus the magnetic and electrical properties can be manipulated by strain and coherent substrate bonding effects that introduce tilts, distortions, and rotations in the octahedral network. 2, [17] [18] [19] [20] [21] [22] 29 When grown epitaxially on (001)-oriented LSAT substrates, density functional theory (DFT) calculations 17 and extended x-ray absorption fine structure measurements 23 have shown that the bulk LSMO tilt pattern (a − a − a − in Glazer notation 24, 25 with pseudocubic ( pc) lattice parameter a pc = 3.873 Å 26, 27 ) changes to the a + b − c − tilt pattern at the interface in order to accommodate strain and maintain continuity with the octahedral network in the cubic LSAT substrate which does not display octahedral tilts. In the interface region, the B-O-B bond angles also change from about 166°in all directions to close to 180°in the out-of-plane direction and about 157°in the two in-plane directions. Interestingly, some researchers report that the epitaxial distortion to the a + a − c − tilt pattern exists only over a few unit cells from the LSMO/LSAT interface, before returning to a more bulk-like pattern, 17 possibly facilitated by the tendency of the Mn 3+ -O 6 octahedra to undergo Jahn-Teller ( J-T) distortions. 17, 19, 28 LSCO does not have J-T active oxygen octahedra; thus, epitaxial misfit strain in thin films induces changes to the octahedral tilt pattern that can persist to larger film thicknesses than in LSMO thin films. 18, 30 DFT calculations showed that misfit strain and octahedral pattern distortion independently break the degeneracy of the e g and t 2g orbitals, resulting in reduced magnetization in comparison to bulk LSCO, but a combination of both effects partially restore degeneracy in two of the t 2g states. This behavior increased the number of unpaired spins and minimized the loss of magnetization. 18 When grown on LSAT substrates (epitaxial strain ∼1% and growth plane with a = b), tilts in La 0.5 Sr 0.5 CoO 3 thin films were almost fully suppressed and remained so through the entire 10 nm film thickness. DFT calculations indicated that on LSAT substrates, the lowest energy state and highest magnetization is achieved when the tilt pattern was a
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In the La 1-x Sr x CoO 3 system, the room temperature bulk structure has rhombohedral symmetry with the a − a − a − tilt pattern for 0 ≤ x ≤ 0.5 and for x = 0.3, the pseudocubic lattice parameter is 3.844 Å. 27, [31] [32] [33] At low Sr doping, bulk La 1-x Sr x CoO 3 exists as a spin-glass with magnetoelectronic phase separation (MEPS) where small FM clusters are isolated within an AFM matrix. At x > 0.18, the FM clusters coalesce leading to the evolution of FM behavior. 32, 34 In thin films, MEPS was found to persist for x > 0.18, when the film thickness was below a critical thickness t*. 35 For La 1-x Sr x CoO 3 (x ∼ 0.28) thin films grown on SrTiO 3 (STO) substrates with 1.8% tensile strain, t* was found to be 15 nm, while t* reduced to ∼8 nm when grown on LSAT substrates with 0.6% tensile strain. 36 Ordered oxygen vacancies have been observed in STEM high angle annular dark field (HAADF) images of La 1-x Sr x CoO 3 films. The direction of this ordering relative to the substrate interface depended on epitaxial strain and substrate orientation. 37, 38 
II. EXPERIMENTAL METHODS
In this work, LSCO/LSMO bilayers with an alternating growth order were grown on (001)-oriented LSAT substrates by pulsed laser deposition using a KrF excimer laser (248 nm wavelength). With a uniform Sr-concentration in both sublayers, the polarity of the LSMO/LSAT and LSCO/LSAT interfaces is the same. The bilayer with the LSCO sublayer grown first is referred to as bilayer CM, while the bilayer with the LSMO sublayer grown first is referred to as bilayer MC. During growth, the substrate temperature was held at 700°C and the oxygen pressure was 0.3 Torr. Laser energies of 0.8 J/cm 2 and 1.0 J/cm 2 , at a frequency of 5 Hz, were used for the LSMO and LSCO sublayers, respectively. To assure the proper oxygen stoichiometry, the bilayers were slowly cooled to room temperature in 300 Torr oxygen pressure after the growth.
12,13 X-ray diffraction and x-ray reflectivity (XRR) measurements were performed using a Bruker D8 Discover fourcircle diffractometer with Cu Kα1 x-rays. Bulk magnetization was studied using a Quantum Design superconducting quantum interference device (SQUID) magnetometer with the magnetic field applied along the in-plane [100] substrate direction. The diamagnetic signal from the LSAT substrate was subtracted, and the signal was normalized to the total thickness of the bilayer. Thin cross-section lamellae were prepared on an FEI Helios Nanolab™ 600 Dual-Beam™ focused ion beam (FIB) using wedge pre-milling methods. STEM HAADF and bright field (BF) imaging was performed in the Environmental Molecular Sciences Laboratory (EMSL) at the Pacific Northwest National Laboratory (PNNL), using the JEOL 200CF Atomic Resolution Microscope (ARM) running at 200 kV and 15 μA. Electron energy loss spectroscopy (EELS) analysis was performed with a Gatan digital imaging system, also on the JEOL 200CF ARM. Octahedral tilts from annular bright field (ABF) images were measured using Inkscape open-source professional quality vector graphics software (https://inkscape.org).
III. RESULTS AND DISCUSSION
The layer thicknesses for both of the bilayers were determined by EELS measurements to be 16.9 ± 0.6 nm for the LSCO sublayer and 19.8 ± 0.6 nm for the LSMO sublayer, while XRR measurements of the two samples gave the total thickness for each bilayer as 37.5 ± 0.5 nm. Figure 1 shows the magnetic hysteresis loops of bilayers CM and MC as measured using a superconducting quantum interference device (SQUID) magnetometer at 80 K. Both major loops [Figs. 1(a) and 1(c)] with a maximum field of ±24 kOe and biased minor loops [Figs. 1(b) and 1(d)] are plotted. For the biased minor loop measurements, the samples were first saturated in a field of ±14 kOe, well above the coercive field of the hard layer, and then loops were acquired with a maximum field of ±4 kOe, which was sufficient to switch only the soft layer. The major loops show two magnetic transitions characteristic of heterostructures composed of two materials with different coercivities that switch independently of one another, i.e., the hard LSCO layer and soft LSMO layer. The saturation magnetization, M S , of bilayer MC correspond well to the expected value based on the individual layer thicknesses and the bulk M S values of LSCO (∼150 emu/cm 3 ) and LSMO (∼600 emu/cm 3 ). 34, 39 In contrast, M S for bilayer CM represents a 22% increase over the expected value, suggesting a substantial change in the structural properties of the bilayer. In thinner bilayers, magnetically active Co 2+ ions with significantly higher magnetic moment per Co ion were detected from soft x-ray magnetic spectroscopy. 13 Their presence in bilayer CM could partially explain the large M S value. Further indications of structural differences resulting from the growth order can be seen in the biased minor loops shown in Figs. 1(b) and 1(d). While both bilayers CM and MC show a vertical shift in the magnetization due to the fact that the hard LSCO layer remains magnetized along the initial biasing field direction, the loops differ in their shape, coercivity, and the fact that a horizontal shift (80 Oe) is observed only in bilayer CM where the LSCO layer was grown first [ Fig. 1(d) ]. This horizontal shift results from pinning of the magnetically soft layer by the adjacent hard LSCO layer. In prior work, it was found that the soft layer is composed not only of the soft LSMO layer but also of an interfacial LSCO sublayer characterized by magnetically active Co 2+ ions.
12,13
The change in coercivity and shape of the biased minor loops For the biased minor loops, the samples were first biased in a field of ±14 kOe, and loops were measured with a maximum field of ±4 kOe, which was sufficient to only switch the soft layer.
suggests that the growth order impacts the defect density in the bilayers, as well as modifies the magnetic easy axes of the LSMO and LSCO layers. Berndt et al. 40 found that a small tensile strain (as imposed from STO substrates) can change the magnetic easy axis of LSMO films to the in-plane <110> directions, while LSCO and LSMO thin films grown on LSAT substrates as well as LSCO/LSMO superlattices with small sublayer thickness were found to have nearly equal anisotropy along the in-plane <100> and <110> directions. 41, 42 In order to compare the structure and electronic character of the bilayers with different growth orders, they were imaged with high spatial resolution using STEM. HAADF and BF images (Figs. 2 and S2 in the supplementary material) show the high crystalline quality of both bilayers, with fully coherent lattices free from dislocations and with smooth substrate interfaces. X-ray diffraction reciprocal space maps (Fig. S1 in the supplementary material) verify the lattice coherency of the bilayers to the underlying LSAT substrate. Fast Fourier transforms (FFTs) of the HAADF images (insets in Fig. S2 in the supplementary material) show that the in-plane lattice parameter was constant throughout the film thickness in both bilayers, matching the lattice parameter of the LSAT substrate (0.3868 nm). The out-of-plane lattice parameters of the LSCO and LSMO sublayers were, respectively, found to be 0.382 ± 0.050 nm and 0.389 ± 0.050 nm in bilayer CM, and 0.381 ± 0.050 nm and 0.390 ± 0.050 nm in bilayer MC, which is consistent with those measured by x-ray diffraction. 12 In bilayer MC, the FFTs for both the LSMO and LSCO sublayers show weak diffraction spots (indicated with red circles) between the main diffraction peaks. These extra diffraction spots appear more prominently in the LSMO sublayer over the LSCO sublayer. These extra peaks are expected from rhombohedral perovskites with the a In HAADF, the image contrast is proportional to atomic mass or sample thickness, while BF images are formed from diffraction contrast, which is more strain sensitive. 43 In bilayer MC, we observe a contrast variation at the LSMO/ LSAT interface in both HAADF and BF STEM images (Figs. 2 and S3 in the supplementary material) viewed along both the <100> and <110> zone axes. The uniform in-plane lattice parameter throughout the film thickness indicates that the bilayer is fully strained, so we speculate that the strain contrast in the BF images could be attributed to distortions of the MnO 6 octahedra in the first few unit cells. These distortions maintain the corner-sharing oxygen network across the substrate-film interface, locally causing higher strain due to the absence of tilts in the cubic LSAT substrate. High strain and octahedral distortions can lead to shifts in atomic positions or point defects within atomic columns, which could cause the coincident change in contrast in the HAADF images. On the other hand, images of bilayer CM show uniform contrast across the LSAT/LSCO interface. A simple explanation for this behavior would be a scenario where the CoO 6 octahedral tilts are suppressed throughout the LSCO sublayer, as was previously reported for LSCO films grown on LSAT substrates. 18 In such a case, the LSCO sublayer should present a similar growth surface for the LSMO sublayer as a bare LSAT substrate. However, the LSMO/LSCO interface in bilayer CM lacks the contrast variation observed in the LSMO/LSAT interface in bilayer MC. Therefore, we propose an alternative structural model based on a detailed analysis of the HAADF and ABF images as described below. Figure 3 shows HAADF and ABF images of the LSCO sublayer of bilayer CM viewed along the [110] zone axis. As with BF imaging, ABF imaging is largely diffraction contrast; however, by using an annular detector which blocks some of the signals from the more strongly diffracting A and B cations, oxygen atoms can more readily be distinguished. A distinct pattern in the oxygen ion positions can be observed in the ABF image as one moves parallel to the LSCO/LSAT interface. Specifically, the oxygen ion columns in the octahedra shift alternatively up/down with rotation around the [110] axis. The magnitude of the tilts was measured by rendering the octahedra as they would appear in the (110) plane as a stick drawing, and overlaying the drawing on the ABF image. The octahedra are then rotated, 0.5°at a time, until the vertices of the octahedra lie in the center of the oxygen columns in the ABF image. Rotation counter clockwise was defined as positive and clockwise as Fig. 3(b) , enlarged section, and Fig. 3(c) ]. In order to properly represent true STEM lamellae with finite thickness, the model also accounts for the possibility of alternating octahedral tilts (represented as pink and red octahedra in Fig. 2 ) through the lamellae thickness. Figures S4(a) From this set of data, we can see that the alternating pattern in the octahedral tilts is observed only in bilayer CM. Finally, Fig. 4(b) plots the magnitude of the octahedral tilts in the LSCO sublayer of bilayer CM as a function of position in the growth direction (i.e., perpendicular to the substrate interface). The magnitude of the tilts in the LSCO sublayer starts at a value of 3°-5°± 2.2°at the LSCO/LSAT interface and gradually increases to a value of 6°-10°± 2.2°after 14-16 unit cells (∼5.5-6 nm). The tilts alternate vertically to maintain connectivity of the octahedra. This tilt pattern persists 
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ARTICLE scitation.org/journal/jap across the LSCO/LSMO interface and into the LSMO sublayer; however, the magnitude decreases to ±2°-3°after 4-6 unit cells (∼1.5-2 nm) past the LSCO/LSMO interface and becomes essentially zero by the middle of the LSMO sublayer [ Fig. S4(b) in the supplementary material] . In bilayer MC, there are weak indications of octahedral tilts in both sublayers when viewed along the [110] zone axis, but they lack the clear regularity of those in bilayer CM, and with the calculated 2σ error bars, the average value converges to zero. In this case, the octahedral tilts likely revert to the bulk a EELS was performed in a unit cell-by-unit cell fashion to probe the amount of chemical intermixing and/or charge transfer across the LSCO/LSMO interface of both bilayers. By reducing the chromatic range of the inelastically scattered electrons that are collected, the energy resolution can be improved such that small changes in a spectrum's fine structure can be detected. Energy loss near edge structure can give information on the oxidation state and bonding environment. Energy shifts, peak ratios, or peak shapes can be examined and for some elements, related to the electronic state. 44, 45 The Co-EELS spectra taken from regions near the LSCO/LSMO interface vs. the middle of the sublayer of bilayer CM [ Fig. 5(b) ] show that the intensities of the two Co L-edge white lines, i.e., L 3 /L 2 peak intensity ratios are markedly different: 1.54 at the interface compared to 2 in the middle of the sublayer. This difference indicates a change in the average Co oxidation state at the interface from Co 3+/4+ to Co 2+ , as was detected in thinner bilayers by soft x-ray magnetic spectroscopy. 12, 13 This result is consistent with a charge transfer across the interface. The O K-edge spectra from the same areas show a significantly muted excitation peak at the LSCO/LSMO interface [ Fig. 5(c) ]. Electrons transferring to the Co ions, which are bonded with oxygen ions in the interfacial LSCO region, cause a decrease in the number of unoccupied states in both elements for electrons excited by the electron beam, resulting in a decrease in intensity of the excitation peak. 44, 46 In contrast, comparing spectra from bilayer MC, shown in Fig. S6 in the supplementary material, the L 3 /L 2 peak intensity ratios for both Co and Mn ions are essentially identical at the interface and in the middle of the layer. For Mn, these ratios are 2.13 (interface) and 2.0 (middle), corresponding to mixed Mn 3+/4+ ions, and for Co, the ratios are 1.9 (interface) and 2.0 (middle), consistent with mixed Co 3+/4+ ions. The STEM imaging and EELS measurements have shown that the growth order for the LSCO/LSMO bilayers has a profound influence on the structural properties of the individual layers which goes beyond tetragonal distortion due to epitaxial strain. ABF imaging shows that the response of the oxygen octahedral network within the first few unit cells at the LSAT interface differs, which ultimately affects the overall electronic and magnetic properties of the bilayer, including the presence or absence of the exchange spring behavior. In bilayer CM where the LSCO sublayer is grown directly on the LSAT substrate, a robust, alternating pattern of octahedral tilts consistent with an a + b − c* tilt pattern was observed throughout the LSCO sublayer, extending at least 4-6 unit cells into the LSMO layer. This connectivity of the oxygen octahedral network may facilitate a Mn 3+ + Co 3+ ↔ Mn 4+ + Co 2+ charge transfer across the LSCO/LSMO interface, and thus the formation of the interfacial LSCO layer with magnetically active Co 2+ ions which are coupled magnetically to the soft LSMO layer. As a result, this bilayer exhibits an exchange spring behavior where the hard LSCO sublayer biases the soft FM layer such that the hard/soft interface lies within the LSCO layer. Furthermore, the measured M S value for bilayer CM is ∼22% higher than expected based on bulk M S values. While the presence of the magnetically active Co 2+ ions at the LSCO/LSMO interface could be partially responsible, the small thickness of the interfacial layer makes it unlikely to be the sole cause. Rather the observed epitaxial strain in combination with the distorted tilt structure may lead to a change in the electronic bandwidth of the perovskite structure 26, 47 and therefore an enhancement in the magnetization of all layers in the bilayer. A similar enhancement in magnetization and Curie temperature has been reported for La 0.5 Sr 0.5 CoO 3 films on (101)-oriented orthorhombic NdGaO 3 substrates 18 as well as δ-doped La 0.5 Sr 0.5 MnO 3 layers on LSAT substrates, 48 and LSMO/Eu 0.7 Sr 0.3 MnO 3 superlattices on LSAT substrates. 49 In bilayer MC, the epitaxial strain in the LSMO sublayer is accommodated within the first 1-2 unit cells such that the remainder of the LSMO sublayer is characterized by bulk-like a − a − a − tilts. This case presents a markedly different growth surface for the LSCO sublayer, compared to when it is grown directly on the LSAT substrate. In turn, the a + b − c* pattern does not develop in the LSCO sublayer of bilayer MC. This oxygen octahedral network results in decoupled magnetic layers with the expected bulk-like M S values, and which lack both charge transfer across the LSCO/LSMO interface and the exchange spring behavior observed in bilayer CM.
In summary, with high resolution electron microscopy, we offer evidence that the BO 6 octahedra in LSCO and LSMO layers grown epitaxially on LSAT substrates exhibit differing responses to epitaxial strain and substrate coherency. The ability of the epitaxially strained LSCO sublayer to maintain an a + b − c* octahedral tilt pattern throughout the full film thickness (∼20 nm), which then extends into the LSMO sublayer, directly impacts the electronic and magnetic properties of the LSCO/LSMO bilayer. This system exhibits charge transfer across the LSCO/LSMO interface, exchange spring behavior, and an enhanced saturation magnetization. In contrast, when the LSMO sublayer is grown directly on the LSAT substrate, the epitaxial strain is largely accommodated within 1-2 unit cells of the substrate interface and the bilayer behaves as decoupled magnetic layers. These findings highlight the importance of building fundamental models to predict the mechanisms of strain accommodation, and the resulting electronic and magnetic properties.
SUPPLEMENTARY MATERIAL
See supplementary material for additional x-ray diffraction data, STEM images, and EELS spectra.
